Abstract reprinted with permission.
Following this, cranial venous blood was drained into a bubble oxygenator in which an isoflurane vaporizer was placed in line with the gas flow. Oxygenator arterial isoflurane concentration was estimated from the isoflurane partial pressure in the oxygenator exhaust. Isoflurane administration via the lungs was discontinued and the isoflurane partial pressure in the blood delivered via the carotid artery was increased by an amount required to bracket the partial pressures permitting and preventing movement in response to dew-claw stimulation. The native circulation was reestablished and MAC determined again.
Results: Cerebral isoflurane requirements were 1.2 Ϯ 0.3% (mean Ϯ SD) before bypass, increased to 2.9 Ϯ 0.7% during bypass when the brain was preferentially anesthetized, and decreased to 1.3 Ϯ 0.1% after bypass.
Conclusions:
The results support the importance of subcortical structures, such as the spinal cord, in the generation of purposeful movement in response to a painful stimulus under general anesthesia.
I
BEGAN my research career without any formal research training. Even back in the early 1990s this approach to research was unusual, and it is certainly even more so today. But, as I look back, I realize that, just like so many other times in my life, I was in the right place at the right time. My study on the importance of the spinal cord to anesthetic-induced immobility 1 germinated from idle thoughts on mechanisms of anesthesia.
After residency I decided to enter into private practice, which I did at a small community hospital in the Sacramento, California, area. But, within just 2 yr, I was bored and I needed more intellectual stimulation. I thought more seriously about coming back to the University of California, Davis. While still in private practice, I started to get involved with a few small projects, including some case reports 2,3 and a case series, 4 just enough to get my feet wet. But I did not have many thoughts about any basic science projects, as I lacked the background and the training to generate any meaningful ideas.
I (Professor Emeritus, University of California, Davis, Davis, California), had published a paper on selective delivery of anesthetics and drugs to the hindlimb of a dog. 6 I wondered whether such a technique could be used to selectively deliver an anesthetic to the brain of an animal (in this case, a dog).
Gerry Gronert, M.D. (Professor Emeritus, University of California, Davis, Davis, California), who had just recently been recruited to the University of California, Davis and who had also trained me, had been trying to get me to come back to the University of California, Davis anesthesiology department. He had been helping me with editing my case reports. During this time I also started thinking about a potential project related to my question of anatomic sites of anesthetic action. I decided that I needed to address some more preliminary issues. For example, if I intended to use a bypass machine/oxygenator, I needed to know whether bypass might alter anesthetic requirements (e.g., minimum alveolar concentration, or MAC). Hall et al. had just published data showing that cardiopulmonary bypass using bubble oxygenators decreased MAC. 7 I thought that this might be related to microbubbles and hypothesized that bypass using a membrane oxygenator would not alter MAC. I went about planning the experiment and discussed it at a departmental research meeting. I was still in private practice, but Gronert supported my project. As I look back, I quite frankly cannot believe that Gronert let me do this project and that he provided the needed resources; he saw something in me that others did not. Indeed, after I gave my presentation, Gronert solicited comments from the faculty attending the research meeting. It wasn't until many years later that I came across some of these comments. One person wrote: "Currently, this study is poorly designed" and "I would encourage Joe to join us, but his current expectations are unreasonable." Looking back, these were fair and accurate comments, especially considering that I had no research training, formal or otherwise.
Notwithstanding the comments noted above, my first project was successful, and we showed that bypass did not substantially alter MAC. 8 At this point, I was now full time on the faculty and was planning my study for bypass of the cranial circulation. But, there was a problem. As I read about the anatomy of the canine cerebral circulation, I learned that dogs have a rich and extensive collateral circulation. In fact, if the carotid arteries and vertebral arteries are ligated most dogs, after a 1-3 week recovery, will walk around as if nothing is amiss. 9 Clearly I needed another animal model. I walked into Gronert's office to discuss this dilemma and he casually mentioned that Albrecht and his colleagues had used a goat model to isolate the cerebral circulation. I quickly read about Albrecht's model 10 and realized that the goat would probably work for my project. I needed to gain experience working with goats and also to use cardiopulmonary bypass in this species. Thus, I completed two studies: one that investigated the cardiopulmonary effects of volatile anesthetics 11 and the other that examined the effects of profound hypothermia on MAC, which required cardiopulmonary bypass. 12 I felt that I was set, except for one thing: learning the neck anatomy of the goat. The vertebral arteries in goats form only a small, insignificant basilar artery that does not contribute to the cerebral circulation, but the occipital artery is an anastomosis between the carotid artery and the vertebral arteries. Hence, blood could flow from the vertebral arteries through the occipital arteries and then into the carotid artery. Albrecht's model required that the occipital arteries be ligated. I dissected the necks of several goats to figure out the anatomy, but I felt that I also needed physiologic confirmation that I could isolate the occipital arteries. In preliminary studies I accomplished this goal by placing ligatures around various arteries and branches and sequentially ligating each while monitoring the electroencephalogram. According to Albrecht and others, the goat would maintain adequate cerebral circulation when both carotid arteries were ligated below the occipital artery takeoff and when only one of the occipital arteries was ligated; if both carotid arteries and both occipital arteries are ligated the electroencephalogram should go flat, which was indeed what happened in my preliminary work ( fig. 1) .
My next step was to actually perform bypass and determine whether the proposed model was workable. One of the first problems that I faced was that I had extremely low carbon dioxide partial pressures in the arterial blood in the bypass. I thought to myself that the project was doomed. But, on mentioning this problem to Gronert, he nonchalantly asked if I was using pure oxygen for the oxygenator gas, and if so, I should switch to carbogen. I felt rather silly that I had not thought of this obvious cause, but at that point, I was used to making silly mistakes. What was one more? I plodded onward. I still vividly remember the first time I actually selectively delivered an anesthetic (halothane) to the cerebral circulation. I had determined MAC with whole body delivery and obtained an expected result, around 1%. I then placed the goat on cerebral bypass, discontinued halothane to the torso, but continued halothane to the head at 1%. After waiting a short period, perhaps around 10 -15 min, I applied the noxious clamp. The animal moved violently, and I nearly lost the various cannulae. There was only one thing I could think to do to prevent the animal from moving: stopping the bypass. I did so, and within 5-10 s, the animal ceased moving. I restarted bypass after 20 -30 s and increased the halothane concentration in the bypass. Although a scientist is loathe to draw conclusions with n ϭ 1, I was certain that subsequent experiments would yield similar results (which they did).
Once I had sorted out some of these initial problems, the project went well. Like anyone else engaged in creative work, my colleagues and I had humorous things occur. Twice a goat escaped during the transport from the cage to the laboratory. The first time it happened was in the early morning and I eventually started driving around campus in my truck to find the animal. I then saw a fireman chasing a goat (the campus firehouse was close to my lab). I remember thinking, "Ah, that must be my goat." I managed to literally tackle the goat in full view of morning commuters arriving on campus. It was an interesting start to their day, but not all that unusual on a campus with strong agricultural and veterinary traditions.
Working with goats has taken a physical toll. In addition to the "aches and pains" of working with these large animals, I recently learned that I have antibody titers to Coxiella Burnetii, the bacteria responsible for Q fever (we have had at least one goat with this infection, although we did not know it at the time). In an odd way I consider these antibodies a badge of courage and a link between me and my experimental subjects.
Although Ira Rampil, M.D. (Professor, SUNY Stony Brook, Stony Brook, New York), published his work on spinal effects of isoflurane before our paper, 13 none other than Claude Bernard (1813-1878), 150 yr earlier and using a frog model, had concluded that the spinal cord was important to anesthetic-induced immobility. 14 We subsequently used a frog model and had similar findings. 15 In addition, Yang et al. used a goat model with a different selective delivery technique to show that the spinal cord was important to immobility. 16 Likewise, my colleague Steve Jinks, Ph.D. (Associate Professor, University of California, Davis, Davis, California), has used lamprey and found similar results. 17 Thus, I am gratified that multiple scientists have used several species (rats, goats, frogs, lamprey) and different techniques and have come to the same conclusions. Although many others had examined anesthetic effects on components of the spinal cord (e.g., dorsal horn neurons) these collective data provided relevance within the context of a clinical endpoint (immobility).
Immobility is an important clinical goal and an equally important experimental endpoint. As John Snow (1813-1858) noted, anesthesia keeps patients still who otherwise would not be. Movement in response to a noxious stimulus is a basic defense mechanism present in most organisms, from bacteria to large animals. Indeed, vertebrate animals share common neuronal pathways, receptor systems, and neurotransmitter systems that subserve movement. Anesthetics likely cause immobility by a common mechanism across many species.
Today when people ask me about getting involved in research, I tell them that they need to do it the right way so as to maximize their chances for success: find a good mentor and get training. But the most critical element is to have novel and interesting ideas that you pursue with passion. When you are thinking about your ideas from the moment you awake in the morning to the moment you are asleep at night, then you will know that you have found your passion. The training and mentor are there to guide that passion and energy.
